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Summary: 
 
Acoustic travel time tomography is presented as an experimental technique for remote moni-
toring of areally averaged meteorological quantities as the air temperature and the horizontal 
wind speed. 
This ground based remote sensing technique uses the nearly horizontal propagation of sound 
waves in the atmospheric surface layer. Here the acoustic travel time tomography was applied 
by measuring the travel time at defined propagation paths between several sound sources and 
receivers. The resulting sound speed were used to obtain estimates of the meteorological pa-
rameters. 
A measuring campaign was carried out at the test site in Lindenberg (DWD) to compare the 
acoustically derived data with conventional systems. These observations demonstrated that on 
one side the accuracy of the acoustic system is comparable with in-situ measurements and on 
the other side the temperature was particularly significant overestimated by the standard sen-
sors, e.g. due to the radiation influence. 
 
Zusammenfassung: 
 
Die Akustische Laufzeittomographie wird als ein experimentelles Verfahren zur Sondierung 
meteorologischer Parameter, wie z.B. der Lufttemperatur und der horizontalen Windge-
schwindigkeit, vorgestellt. 
Dieses bodengebundene Fernerkundungsverfahren nutzt die horizontale Ausbreitung von 
Schallwellen in der atmosphärischen Grenzschicht. Hier wird das Verfahren der  Laufzeitto-
mographie angewendet, d.h. bei bekannter Weglänge wird die Ausbreitungszeit von  ausge-
sendeten Schallsignalen zwischen mehreren Schallquellen und Empfängern gemessen. Die re-
sultierenden Schallgeschwindigkeitsinformationen werden genutzt, um daraus die entspre-
chenden meteorologischen Parameter abzuleiten. 
Auf dem Gelände des Meteorologischen Observatoriums Lindenberg (DWD) wurde eine 
Messkampagne durchgeführt, um die akustischen Sondierungen mit konventionellen Syste-
men zu vergleichen. Die Auswertungen zeigen, dass einerseits die Genauigkeit der Akusti-
schen Tomographie vergleichbar mit den konventionellen in-situ Messungen ist und anderer-
seits, dass die Lufttemperatur aufgrund des Strahlungseinflusses bei Messungen mit den übli-
chen Sensoren zum Teil erheblich überschätzt wird. 
 
 
1. Introduction  
 
Spatially averaged data derived from ground based measurements were conventionally pro-
vided by point measurements and additional interpolation algorithms. A relatively new way to 
get such values directly and with a highly spatial and temporal resolution is the transfer of 
tomographic methods to the atmospheric surface layer. 
There are various advantages of tomographic measurements compared with conventional 
methods, first the effect as a spatial filter for turbulence below the micro-scale, second the 
remote monitoring, because the test medium is not influenced by devices, and third a higher 
  
number of data per sensor in comparison to the traditional point measurements is obtained 
(Wilson & Thomson, 1994). 
As an inverse technique tomography has been used routinely for instance in medicine or geo-
physics for many years. The successful application of acoustic tomography schemes for a 
fluid, e.g. the ocean, was executed for instance by Clay & Medwin (1977) and Munk & 
Wunsch (1978). The transfer of the acoustic tomography to the atmosphere is more critical 
because under these conditions, an immutable state of the investigation area during the meas-
urement, can't be presumed. 
However Spiesberger & Fristrup (1990) as well as Wilson & Thomson (1994) demonstrated 
the applicability of acoustic tomography to the atmospheric boundary layer. The significant 
difference to our current work lies in the numerical algorithm and the experimental realisa-
tion. In contrast to the cited publications in this study area-averaged absolute values of the 
temperature and wind speed are estimated without additional measurements.  
Thereby, a type of acoustic travel time tomography was used, where the sound speed can be 
determined by measuring the travel time of a signal at a defined propagation path. Applying a 
suitable procedure, measurements of the speed of sound can be used to reconstruct the spa-
tially and temporally variable temperature and wind fields (Ziemann et al., 1999b, Raabe, et 
al., 2001). 
 
2. Sound Speed in the Atmosphere 
 
The sound propagation can be considered as spreading of small density perturbations in an 
unbounded, frictionless and compressible fluid. If air is treated as an ideal gas and under adia-
batic conditions, the Laplace equation of sound speed can be used: 
 
avL TRc γ=  (1) 
 
where cL  is the Laplace sound speed, γ is the specific heat ratio, R is the gaseous constant of 
dry air and Tav is the acoustic virtual temperature. The temperature derived from the speed of 
sound in air is similarly to the virtual temperature – defined as the temperature at which dry 
air has the same density as moist air at the same pressure – however the variable specific heat 
of water vapour and dry air are considered: 
 
( )q.TTav 51301+≅  (2) 
 
where q  is the specific humidity. Additionally to spatial and temporal alterations concerning 
changes of air temperature, also the influence due to the wind field appends to the sound ve-
locity and leads to the (horizontal) effective sound speed: 
 
( ) ( )( ) ( )yxtyxtTcT avLaveff ,,,,, vnvc += . (3) 
 
So the measured sound speed depends on the air temperature, the humidity as well as the 
wind vector. To separate the different influences several methods are applicable, for instance 
to use –analogously to a sonic anemometer– the reciprocal sound propagation (Kaimal & 
Gaynor, 1991) or to solve numerically a system of equations (Ziemann et al., 1999a; Arnold, 
2000). 
In this study, for the separation of the influence of the temperature and the wind field on the 
sound speed, a special iteration loop was used, where the wind speed and direction was 
changed as long as the mean value deviation of the Laplace sound speed achieves a minimum: 
 
∑ →− min1 LL ccn . (4) 
 
  
Therefore, except for the humidity (which is assumed as horizontally homogeneous), no addi-
tional information is necessary and for each measurement the temperature and wind vector 
can be estimated. The iteration can be performed for the whole array or for different parts of 
the measuring area. Thus for each source–receiver connexion one value for the temperature 
and for the respective area the information about the wind speed and direction are available. 
 
3. Experimental Realisation 
 
To obtain meteorological relevant data the sound speed determination has to be carried out 
with a high degree of accuracy. This supposition includes on the one side the exact travel time 
measurements and on the other side the precise determination of the distances between 
sources and receivers as well as the knowledge of the actual sound paths. 
Figure 1 shows the coupled influence of the measuring error, that contains the sound path 
length (± 0.10 cm) and the travel time (± 0.3 ms), and the actual meteorological conditions 
which were represented by the vertical effective sound speed gradient on the temperature and 
wind speed. With increasing sound speed gradient the ray paths are stronger curved and the 
deviation from the linear path increases likewise. Figure 1 demonstrates that for an adequate 
accuracy of the temperature (± 0.5 K) and wind speed (± 0.5 ms–1) measurements a source re-
ceiver distance of more than 150 m is necessary. 
 
 
A field experiment was carried out at the test site of the German Weather Service (DWD) in 
Lindenberg (south east from Berlin) in autumn 1999. Six sources and five receivers were po-
sitioned at the boarder of  an array of 200 × 240 m2. Figure 2 illustrates the layout of the to-
mographic array. The sources, compression drivers, and the receivers, microphones, were po-
sitioned on tripods at a height of 2 m, respectively. To compare the acoustically derived data 
with in-situ measurements inside the array 4 thermocouples (T1 …T4), a sonic anemometer 
(both at 2 m above ground) and a 12 m wind- and temperature mast are used. The thermocou-
ples are identically fast response sensors which were mounted in ventilated Young-shelters 
(Schienbein & Arnold, 1996).  
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Fig. 1: Inaccuracy of the tem-
perature (left) and wind speed
(right) measurements due to
the influence of path length (±
0.10 cm) and travel time
measurements (± 0.3 ms) as
well as the vertical effective
sound speed gradient cz de-
pending on the source receiver
distance. 
  
 
 
All sources simultaneously transmit a short sine burst with a constant frequency of 1000 Hz 
(double peak of twice 4 ms). The assignment of each signal to the corresponding source is 
possible due to the tomographic array layout where each ray has a significantly different path 
length (see Fig. 3).  
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The travel time of each signal was estimated by special correlation algorithm between the re-
ceived and the transmitted signal (Arnold, 2000). Each peak of the cross correlation is associ-
ated with a separate ray path. In Figure 3 the six arrivals with the appending correlation peaks 
according to the source number are visible. The correlation maximum corresponds with the 
travel time whereas the small deceleration between the signal start and the correlation peak is 
due the inertia of the acoustic system (Arnold et al., 1999). 
 
 
 
Fig. 2: Layout of the tomographic ar-
ray at the DWD test side nearby Lin-
denberg (200 × 240 m2). The sources 
are labelled S1 to S6, the receivers R2 
to R6 (R1 is the frequency generator). 
T1 to T4 are the thermocouples; the 
sonic anemometer is positioned at the 
“Energiebilanz – Station” (the plotted 
grid cells are 10 × 10 m2). 
 
Fig. 3: Example of the re-
corded signals (Receiver R2)
after bandpass filtering (top)
and of the correlation coeffi-
cient with the reference signal
(down) during the tomography
experiment (18:51 UTC on 23
September 1999). 
 
  
4. Results  
 
After separating the two prime effects on the effective sound speed, the temperature and wind 
speed can be calculated for each transmission path. Now the acoustically estimated data were 
compared with the conventionally derived meteorological measurements, which were located 
inside the tomographic array. As a result area-averaged data were compared with different 
point measurements.  
Figure 4 and 5 show the comparison between the over all single paths averaged recalculated 
temperature and wind speed with the in-situ measurements. This comparison was carried out 
for a few days in autumn 1999 under nearly horizontal homogeneous conditions. 
For the air temperature estimation (instead of the acoustic virtual temperature) an additional 
information on the humidity was used under the assumption that this measurement is repre-
sentative for the whole array. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 demonstrates a good agreement of the temperature for the different in-situ measure-
ments as well as for the acoustically derived data. Especially the sonic anemometer data ac-
cord with the travel time data very well. However in Figure 4 a remarkable difference be-
tween the sonic (or travel time) measurements and the thermocouples is visible. Particularly at 
high values the temperature is overestimated by the thermocouples. This is primarily caused 
by the influence of radiation and the sensor inertia. For the wind speed (Fig. 5) a high analogy 
is identifiably too. However for wind velocities up to 2 ms-1 an underestimation of the travel 
time data is visible, probably due to the influence of different wind directions inside the array. 
 
In Figure 6 the temporal course of air temperature for on day in September 1999 is plotted and 
the different measuring systems were compared. Here the sound speed data were recalculated 
into temperature values using a horizontal constant humidity and subsequent averaged over 
the 30 paths. 
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Fig. 5: Comparison between the conventional 
wind speed measurements (cup anemometer 
and sonic anemometer) and the acoustic de-
rived wind speed (arithmetic mean over all 
sound paths) on the 23/24 September and 
12/13 October 1999. All values were aver-
aged over 10 min. 
Fig. 4: Comparison between the conventional
temperature measurements (sonic anemo-
meter and thermocouples) and the acoustic
derived temperature (arithmetic mean over 
all sound paths) on the 23/24 September and 
12/13 October 1999. All values were aver-
aged over 10 min. 
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Fig. 6: Daily course of the air temperature registered by the different systems: travel time (arithmetic 
mean value over all sound paths), thermocouples (arithmetic mean value over 4 sensors), pt 100 (me-
teorological mast) and sonic anemometer on the 24 September 1999 at the test side Lindenberg (all 
values were averaged over 10 min). In the afternoon the measurements were intermittent by a thunder-
storm. 
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Fig. 7: Daily course of the global radiation (left) and the difference between the thermocouples and the 
travel time temperature (right) as well as difference of the temperature between 2.15 m and 0.65 m 
above the ground (on 24 September 1999 at the test side Lindenberg). All values were averaged over 
10 min. 
 
 
  
Due to the spatial dimensioning the acoustic data are representatively for an array of 200 × 
240 m2 and thermocouples an array of 100 × 120 m2, whereas the pt 100 at the mast and the 
sonic thermometer/anemometer represent point measurements. 
A high congruence between all independent measuring methods is cognizably in Figure 6. 
However at night and during the forenoon differences between the temperature measurements 
are discernibly.  
During the cooling off phase at night the averaged travel time temperatures are from time to 
time about 1 K below all other measurements (see Fig. 7). This may be caused by a regional 
cooling at a boarder of the array, which was not detected by the point measurements, or as a 
result of the slope of the terrain were the sound paths crosses partially deeper layers. Figure 7 
demonstrates that particularity for stronger vertical temperature gradients close to the ground 
(range between 2.15 and 0.65 m) the differences between the thermocouples and the sonic 
temperature increase.  
However the differences during the heating period (from 06:00 till 13:00) are still stronger 
distinctive. Here the temperature measurements carried out by the thermocouples and the Pt 
100 sensors are up to 1 K higher as the sonic anemometer/thermometer as well as the acoustic 
tomographic measurements (see Fig. 7). The reasons therefore are multilaterally: at first the 
radiation warming of the shelter, secondly the heat storage inside the shelter and at lest the re-
lease of heat by the ventilation motor. Figure 7 demonstrates that after the sunrise with in-
creasing solar radiation the differences between the thermocouples and the sonic temperature 
grow up in the same manner. 
 
Fig. 8: Daily course of the wind speed (bottom range) and wind direction (top range) registered by dif-
ferent measuring systems: travel time (arithmetic mean over all sound paths), cup anemometer (mast) 
and sonic anemometer on the 24 September 1999. All values were averaged over 10 min. 
 
Furthermore in Figure 8 the different wind velocity and direction measurements were com-
pared. As already displayed in Figure 5, all three independent systems measure nearly the 
same wind speed. Particularly the wind direction agrees very well for all three independent 
measuring systems. Merely at low velocities the wind speed was underestimated by the acous-
tic system. These differences are probably due to the incomplete separation of the different in-
  
fluences on the sound speed as well as horizontally different wind velocity and direction in-
side the tomographic array. 
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Fig. 9: Daily course of the absolute differences between the temperature sensors T3 - T1 and T4 - T2 
(thermocouples) in comparison with the standard deviation of the acoustic derived temperature on the 
24 September 1999. All values were averaged over 10 min. 
 
Besides the area averaged values for the temperature and wind vector the spatial temperature 
differences are considered in Figure 9. Here the absolute differences between the temperature 
sensors were compared with the range of variation of the acoustic temperature measurements. 
Figure 9 demonstrates that even under nearly homogeneous conditions the over 10 minutes 
averaged temperature difference between two thermocouples reaches up to 0.7 K. Particularly 
at the forenoon this temperature inhomogeneities are conserved over longer periods. The 
standard deviation for the temperature of the 30 acoustic paths shows nearly the same behav-
iour. For time periods with stronger temperature differences between the thermocouples the 
standard deviation increases in the same manner. 
 
5. Conclusions 
 
The evaluation demonstrates the applicability of the tomographic monitoring of near surface 
horizontal temperature and wind fields. Temporal and spatial variances in the wind and tem-
perature field are clearly veritable. The accuracy of the travel time as well as the sound path 
determination are sufficient to estimate the meteorological parameters with the adequate ex-
actness.  
One fundamental problem is the separation of the different effects on the effective sound 
speed. Here the humidity is assumed to be horizontally homogeneous and the temperature and 
wind influence was separated by an repetitive technique. By this means for each propagation 
path one value of the temperature and for the whole tomographic array the wind speed and di-
rection can be calculated. This are the raw data for the following tomographic inversion. 
In principle all different measuring systems record similarly values for the temperature as well 
as the wind speed and direction. Nevertheless it exists a noteworthy overestimation of the 
  
temperature by the thermocouples and the platinum probe (pt 100). These differences are 
mainly due to the heat storage inside the sensor shelters, especially during stronger solar ra-
diation. Because of all standard temperature measurements were carried out inside sensor 
shelters this fact is especially remarkable. 
The tomographic monitoring is applicable, e.g., for the validation of micro-scale (LES) mod-
els with a resolution up to 100 m. Other uses are the determination of horizontal gradients of 
meteorological quantities or the detection of turbulent structures inside a convective boundary 
layer. 
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